Transforming growth factor-␤ (TGF-␤) has been found to block GM), erythroid progenitors (BFU-E), megakaryocyte progeni- mice and were mated to produce homozygous p53-deficient
animals for the experiments. All mice were housed in laminarflow cage-racks in an environmentally controlled clean room at the Laboratory Animal Facility, Yokohama City University. Introduction
The control of cellular proliferation requires the coordination Preparation of marrow cells of both stimulatory and inhibitory mechanisms. Transforming growth factor-␤ (TGF-␤) is a potent inhibitor of the growth Bone marrow cells were aspirated from the femurs of the mice of epithelial cells, although the mechanisms of its action is with Iscove's modified Dulbecco's minimum essential unknown.
1 TGF-␤ also inhibits the growth of specific popumedium (IMDM; Gibco, Grand Island, NY, USA). To assay lations of hematopoietic cells, [2] [3] [4] and the cytokine is produced HPP-CFCs, marrow cells were isolated from mice that had by a variety of cell types in hematopoietic tissues. 5 These been injected intravenously with 5-fluorouracil (5FU; Kyowa observations suggest that TGF-␤ may also play a role in regHakko, Tokyo, Japan) 1 or 2 days previously, at a dose of ulating hematopoiesis. Recent studies have yielded insight 150 mg/kg of body weight. into cell-cycle regulation at the molecular level, identifying several molecules that control transitions between different phases of the cell cycle. The p53 gene is frequently mutated Growth factors in various human tumors, including hematologic malignancies. [6] [7] [8] [9] [10] The wild-type p53 protein is thought to be a tranRecombinant growth factors were used for all experiments. scription factor, 11, 12 and it has been shown to up-regulate the Human transforming growth factor-␤ 1 (rhTGF-␤ 1 ) was cyclin-dependent kinase (Cdk) inhibitor p21, thereby obtained from King Brewing (Kakogawa, Japan); mouse stem inhibiting the progression of the cell cycle. [13] [14] [15] cell factor (rmSCF) and human erythropoietin (rhEpo, specific In the present study, we examined the effect of TGF-␤ on activity, 1. decreased the number of HPP colonies, as well as of the total Hyclone, Logan, UT, USA), 1% deionized bovine serum albucolonies, from 5FU-treated wild-type mice in the presence of min (BSA, fraction V; Sigma, St Louis, MO, USA), and either rmSCF plus rmIL-3. Similarly, the growth of HPP-CFC from rmGM-CSF (10 ng/ml) or rmIL-3 (10 ng/ml) were plated into p53-deficient mice was also inhibited by rhTGF-␤ 1 , but to a 35-mm Petri dishes (Nunc, Naperville, IL, USA). The cultures much lesser extent, ranging from 34 to 75% of the controls were incubated at 37°C, in 5% CO 2 for 7 days, and colonies (Table 1) . At concentrations ranging from 0.1 to 10 ng/ml, were scored under a dissecting microscope. For the BFU-E rhTGF-␤ 1 inhibited the growth of HPP-CFC from wild-type assay, 10 5 marrow cells in 1 ml IMDM containing 0.9% animals in a dose-dependent manner, with a maximum inhimethylcellulose (Fisher Scientific, Norcross, GA, USA), 30% bition of 100% ( Figure 3) ; whereas the response curve of the FBS, 1% BSA, 50 M 2-mercaptoethanol, rmIL-3 (10 ng/ml), growth of such cells from homozygous p53-deficient HPPand rhEpo (2 U/ml), were cultured at 37°C, in 5% O 2 and 5%
CFC was shifted to the right, with a maximal inhibition of CO 2 for 8 days, after which erythroid bursts were identified 44%, suggesting those cellular components to be bi-phasic. by staining with 3,3′-diaminobenzidine (Sigma). CFU-Mk
The growth of HPP-CFCs from heterozygous mice showed a were assayed by soft-agar culture with 1% FBS, 1% BSA, and dose-response relationship intermediate between those of the either rmIL-3 (10 ng/ml), or rmTpo (400 U/ml), or both. After wild-type and homozygous mice, but it more closely 7 days, the agar was fixed on a glass slide and stained for resembled the former. acetylcholinesterase according to Jackson's modification of Karnovsky and Roots′ method to identify megakaryocyte colonies.
17
Effects of rhTGF-␤ 1 on HPP-CFC in p53-deficient mice 24 h after 5FU-treatment Assay method for high-proliferative potential colonyWhen we assessed the time-course of colony formation by forming cells marrow cells after injecting 5FU, we found that the total number of CFCs in p53-deficient marrow reduced to 10% of the HPP-CFCs were assayed by a method previously initial value 6 h after the treatment, but subsequently, they described, 4 ,18 with slight modifications. Marrow cells from showed a more rapid recovery than wild-type CFCs. 19 We 5FU-treated mice were suspended at a density of 10 5 cells/ml then tested the inhibitory effect of rhTGF-␤ 1 on the growth of in soft-agar medium containing 20% FBS, rmSCF (100 ng/ml), HPP-CFC in p53-deficient mice 24 h after 5FU-injection, and rmIL-3 (10 ng/ml), and plated into Petri dishes when their recovery rate was lower than that of the wild-type (1.5 ml/dish). Cultures were incubated at 37°C in 5% O 2 and of 48 h. As shown in Table 2 , after adding 10 ng/ml rhTGF-5% CO 2 for 14 days. Macroscopic colonies with a diameter ␤ 1 , the reduction in number of HPP-CFC colonies was only of greater than 0.5 mm were scored as HPP-CFC-derived 21% of the control value. colonies.
Discussion

Statistics
While TGF-␤ has been shown to inhibit the proliferation of The data were expressed as means ± standard error, and were murine and human primitive stem cells in vitro, 3, 4, [20] [21] [22] [23] it evaluated by Student's t-test.
appears to stimulate the growth of less primitive progenitors. 20-22 Administration of TGF-␤ in vivo also resulted in a gradual decrease in the number of colony-forming units in the Results spleen (CFU-S) in DNA synthesis. 24 Neutralizing an antibody specific for TGF-␤ enhanced the production of progenitor Effects of rhTGF-␤ 1 on the growth of hematopoietic cells in cultures stimulated with Steel factor both in the progenitor cells in untreated mice absence or presence of IL-3, 25 and mesenchymal stromal cells in long-term marrow cultures constitutively synthesize TGF-␤. 26, 27 These observations suggest that TGF-␤ may participate The effect of rhTGF-␤ 1 on the proliferation of normal marrow progenitors was investigated by adding it to the cultures at a in a negative feed-back mechanism to control the proliferation of hematopoietic stem cells, although the mechanism of this concentration of 10 ng/ml, in the presence of the cytokines required for the growth of each type of progenitor. Colony inhibitory action and its physiological role in hematopoiesis remains unknown. formation by BFU-Es and CFU-GMs, stimulated by the presence of the optimal concentration of rmIL-3, was not signifi-HPP-CFCs were originally identified by their ability to form large colonies in agar cultures in bone marrow cells stimucantly reduced by rhTGF-␤ 1 ; however, the growth of CFUMks, stimulated by rmIL-3, rmTPO, or both cytokines, was lated by a combination of conditioned media, and they are thought to represent premature populations of murine stem markedly inhibited (Figures 1a and c) . We compared the dose-response curves for rhTGF-␤-induced inhibition of the cells, 18 although they could not be co-separated with longterm repopulating cells by cell sorting on the basis of Rhodagrowth of CFU-Mk from wild-type and homozygous p53-deficient mice; the inhibition of their growth by rhTGF-␤ 1 was mine-123 fluorescence. 28 Subsequent studies have demonstrated the existence of subpopulations of HPP-CFCs very similar in both groups of mice (Figure 2) . megakaryocytopoiesis. In several reports, colony formation of murine BFU-Es and CFU-GMs stimulated by IL-3 was highly inhibited by TGF-␤. 2, 21 However, TGF-␤ did not greatly reduce the number of colonies derived from CFU-GMs and BFU-Es stimulated by an optimal concentration of IL-3 in our experiments, while the growth of CFU-GM was significantly inhibited by TGF-␤ under suboptimal stimulation by IL-3 (Table 1 ). Although the relationship between the action of IL-3 and TGF-␤ in the regulation mechanisms of hematopoietic progenitor cells is undefined, these observations suggest that culture conditions, including the concentration of growthstimulating factor, affect the extent of TGF-␤-induced inhibition on the in vitro growth of these cells, and may explain the difference between our results and those in previous reports.
Our observations, showing the existence of a subfraction of cells unresponsive to TGF-␤ in the HPP-CFCs from p53-deficient mice, also provided an important clue to understand- of progenitors unresponsive to TGF-␤; p53 deficiency may have altered the sensitivity to 5FU, leading to the persistence of an unresponsive subfraction to TGF-␤; and inhibitory sigresponding to different combinations of cytokines; especially, nals by TGF-␤ may be transduced through pathways linked to the more primitive subpopulations of HPP-CFCs which p53 in early hematopoietic stem cells. The time-course analyrespond to SCF were found to be relatively resistant to the sis of colony formation after 5FU-treatment documented a cytotoxic drug, 5FU.
29 Our findings were consistent with prerapid recovery of progenitors in p53-deficient mice, 19 vious observations showing that TGF-␤ is a potent negative explaining the increase in the number of HPP-CFCs in p53-regulator in the proliferation of these 5FU-resistant progenitor cells, and suggest that it is also a potent negative regulator in deficient marrow 2 days after 5FU-injection (Table 1) . Such Bone marrow cells, harvested 48 h after 5FU-treatment, were cultured in soft-agar medium containing 10 ng/ml rmIL-3 and 100 ng/ml rmSCF in the presence or absence of 10 ng/ml rhTGF-␤ 1 for 14 days. Data are means ± s.e. of triplicate cultures. *P Ͻ 0.001, **P Ͻ 0.005 vs control.
changes in cell kinetics may alter the proportions and propensities to treatment of stem cell subpopulations. p53 was shown to be required for efficient execution of the death program induced by irradiation or anticancer agents. 30 Although the number of colonies in the marrow of p53-deficient mice was reduced to 10% of its initial value 6 h after the injection of 5FU, cells surviving 5FU-treatment may have still contained a fraction which might be unresponsive to TGF-␤.
Recent studies on molecular events in cell-cycle transitions showed that both cyclin D-Cdk4 and cyclin E-Cdk2 complexes were required for entry into S phase. 31, 32 In addition to positive regulation by the expression of cyclins and the activation of the cyclin-Cdk complexes, cell cycle progression is subjected to negative regulation at specific checkpoints. Although the signal transduction pathways that mediate TGF-␤-induced growth inhibition have not been fully clarified, TGF-␤ is thought to maintain the product of the retinoblastoma gene in an underphosphorylated form and block cells in (q). Bone marrow cells, harvested 48 h after 5FU-treatment, were culcomplexes. 34, 35 Proteins that possibly contribute to inhibition tured in soft-agar medium containing 10 ng/ml rmIL-3 and 100 ng/ml rmSCF in the presence of 0. tein is thought to be a universal inhibitor of Cdk proteins, 38 and its gene is transcriptionally activated by p53. 13 Furthermore, p21 mRNA was undetectable in immortalized Li-Frau- Table 2 The effects of rhTGF-␤ 1 on the growth of HPP-CFC in marmeni cells homozygous for mutant p53, suggesting that p21
row from p53-deficient mice assayed 24 h after 5FU-treatment may have an important role in p53-dependent inhibition of tumor growth. 14 Another Cdk inhibitor, a protein of 27 kDa, HPP-CFC/1.5 × 10 5 5FU-treated cells was identified in a TGF-␤-treated epithelial cell line and in yeast. 39, 40 The p27 protein is structurally related to p21 and Control TGF-␤1 (10 ng/ml) binds to both cyclin E-Cdk2 and cyclin D-Cdk4 complexes.
Wild-type 0.3 ± 0.3 0.3 ± 0.3
Also, p15 is a third potential effector of TGF-␤-induced cell p53-deficient 13.0 ± 1.0 10.3 ± 0.7 cycle arrest. 41 TGF-␤ increased the expression of p15 mRNA, but not that of p27 mRNA, in a human keratinocyte cell line, Bone marrow cells, harvested 24 h after 5FU-treatment, were culHaCa T. 41 On the basis of these data, TGF-␤-induced growth tured in soft-agar medium containing 10 ng/ml rmIL-3 and inhibition appears not to be mediated by p53 in HaCa T cells murine keratinocytes. 42 It is unlikely that only one of these
